The hypotheses that carbon and nitrogen availability limit microbial activity, and that the key factors limiting microbes vary along the successional gradient were tested in a High Arctic glacier foreland. We examined the responses of the respiration rate and the phospholipid fatty acid content to the addition of carbon and/or nitrogen. Soil samples were collected from the early stage and late stage of primary succession in the foreland of a glacier near Ny-Ålesund, Svalbard. The addition of both carbon (glucose) and nitrogen (ammonium nitrate) engendered an increase in the microbial respiration rate in the early stage of succession. In contrast, the addition of either carbon or nitrogen did not increase the microbial respiration rate. In the late stage of succession the addition of carbon alone, as well as the addition of both carbon and nitrogen, increased the microbial respiration rate. However, neither the addition of carbon nor the addition of nitrogen affected the total phospholipid fatty acid content (an index of microbial biomass) for any soil within 15 days of incubation at 10 ° C. An increase in the respiration rate was therefore attributed to changes in the physiological activities of the microbial community, such as enzymatic activity. Our study suggests that microbial respiration was limited by the low availability of both carbon and nitrogen in the early stage of succession. Thereafter, nitrogen limitation is mitigated.
Glacial retreat exposes new ground surfaces and provides plants and microorganisms with new habitats. In the High Arctic, plant colonization takes place very slowly because it is restricted by severe environmental factors including low temperatures, a short growing season, low moisture and nutrient availability, and unstable soil structure (e.g., cryoturbation) (Hodkinson et al. 2003) . We can therefore observe various plant communities ranging from pioneer to later successional species along a primary successional gradient within a glacier foreland. Successional changes of vegetation after glacial retreat in High Arctic regions, and their relation to environmental conditions, have been studied by many ecologists (e.g., Svoboda & Henry 1987; Minami & Kanda 1995; Hodkinson et al. 2003; Jones & Henry 2003; Okitsu et al. 2004 ).
In contrast, little information exists about soil microorganisms in a High Arctic glacier foreland. Soil microorganisms are known to play an important role in soil formation, and therefore in the progress of primary succession through the decomposition and mineralization of organic matter (Jenkinson & Ladd 1981) . Additionally, their function as a source and a sink of labile carbon and nutrients is of great importance (Jenkinson & Ladd 1981) . A few studies conducted in the High Arctic have shown that the microbial respiration rate and biomass are generally low in the early stages of succession and tend to increase with the progress of succession Yoshitake et al. 2006) . These findings suggest that some environmental factors limit soil microbial activity and growth in the early stages of succession.
Previous studies have shown that substrate deficiencies (especially of carbon and nitrogen) often limit microbial activity and growth in many ecosystems, including forests (Joergensen & Scheu 1999; Vance & Chapin III 2001; Ekblad & Nordgren 2002; Allen & Schlesinger 2004) , agricultural land (Marschner et al. 2003; Teklay et al. 2006) , dry desert (Schaeffer et al. 2003 ) and solfatara fields (Yoshitake et al. 2007 ). The extent of this limitation apparently varies with ecosystem development. For example, Aikio et al. (2000) examined the changes in soil and microbial properties in the primary succession on a post-glacial land uplift island in Finland. They reported that soil microbes became increasingly nitrogen limited during the succession. This shift in limiting factors was partly explained by changes in the quality of the detritus; a higher carbon/nitrogen (C/N) ratio of the detritus was found in late stages of succession (Aikio et al. 2000) . Yoshitake et al. (2007) , who tested the substrate limitation of microbial activity and growth by amendment experiments in an acidic solfatara field, also described the shift in limiting factors with ecosystem development; microbial activity and growth were shifted from carbon-and nitrogen-limited to carbon-limited.
In the High Arctic, the quality and quantity of organic matter and, therefore, the availability of carbon and nitrogen are expected to be different for the early and late stages of primary succession, because it is known that the composition and the coverage of vegetation varies with succession (e.g., Hodkinson et al. 2003; Jones & Henry 2003; Okitsu et al. 2004) , and that plant species differ in leaf and litter quality (Osono et al. 2006) . Therefore, it is likely that soil microorganisms are also limited by the availability of carbon and nitrogen in the early stages of succession in High Arctic glacier forelands.
For this study, we hypothesized that the availability of carbon and nitrogen limit microbial activity, and that key factors limiting microbes vary along the successional gradient in High Arctic glacier forelands. To test these hypotheses we examined respiration rates in both the early and late stages of primary succession in a glacier foreland in Svalbard, and studied the responses of the respiration rates to changes in the levels of carbon and nitrogen. The phospholipid fatty acid (PLFA) content, an index of microbial biomass and community structure, was also investigated to elucidate the relationship between PLFA content and the respiration rate.
Materials and methods

Study site
This study was conducted at the front of Austre Brøgger-breen (East Brøgger Glacier) in Ny-Ålesund, northwestern Spitsbergen, Svalbard (79 ° N, 12 ° E; Fig. 1 ). For the period 1995-98, the annual mean air temperature was − 5.5 ° C and the level of precipitation was 362 mm in this area (data from the Norwegian Meteorological Institute; see Uchida et al. 2002 for details) .
In this study, sites E and L were set up as the early and late stages of succession, respectively (Fig. 1) . Sites E and L in this study were identical to sites 1 and 3 in some previous studies (Nakatsubo et al. 1998; Bekku et al. 1999; Nakatsubo et al. 2005) . Site E was located on a newly deglaciated moraine near the tip of Austre Brøg-gerbreen. The precise chronological age of vegetation is unknown because of unpredictable disturbances in the forelands of glaciers in this area (Hodkinson et al. 2003) . The age of Site L, roughly estimated based on geographical information, was hundreds of years or more .
At site E, plant colonization was very limited and was restricted to isolated small plants, such as Saxifraga oppositifolia L. The coverage of vascular plants was very low ( < 1%), but black soil crusts (soil surface communities consisting of algae, cyanobacteria and lichen) partially covered the ground. (Nakatsubo et al. 1998; Nakatsubo et al. 2005) .
Soil sampling
Soil samples were collected from five points (10 cm × 20 cm) at each site in late June 2005. At site E, black soil crusts were removed with a knife and the mineral soil of the 0-5 cm layer was sampled. At site L, the parts of vascular plants and green moss standing above ground were cut and removed using scissors, then the organic soil layer (FH layer, 2.2 ± 0.5 cm thick) and mineral soil of the 0-5 cm layer (under the FH layer) were collected. Plant roots and gravel in these samples were removed using a 4-mm mesh sieve and tweezers. These soil samples were stored at 4 ° C for up to 10 days after sampling until the amendment experiments were carried out. Some soil properties are summarized in Table 1 . For this study, the water holding capacity (WHC) was determined according to the definition by Paul et al. (1999) , which was the gravimetric water content of sieved soil that had been saturated and allowed to drain in a filter. The total carbon and nitrogen contents of the soil were measured using a CN analyser (2400 II; PerkinElmer Inc., Wellesley, MA, USA) and the C/N ratio was calculated.
At site E, a remarkably high C/N ratio was observed (C/N = 123) because alkaline soil at this site includes carbonates (Uchida et al. unpubl. data) .
Changes in microbial respiration after the addition of carbon and nitrogen
The respiration rates after the addition of either a carbon (glucose) or a nitrogen (ammonium nitrate) source, or both, were measured for 15 days (measurements were made on days 0, 2, 5, 10 and 15) to determine whether the availability of either carbon or nitrogen limits microbial respiration. We allocated five subsamples of the three soils (mineral soil of site E, and mineral and organic soils from site L) to each of four treatments: C + , the addition of a source of carbon; N + , the addition of a source of nitrogen; CN + , the addition of both a source of carbon and a source of nitrogen; and a control. A soil sample equivalent to 5 g, or 20-30 g dry weight for organic and mineral soils, was placed in a cylindrical plastic case (9 cm in diameter and 2.5 cm in height). In the C + treatment, 10 mg of glucose was added for each gram of dry soil (4 mg C g − 1 dry soil). Soils in the N + treatment received Paul et al. (1999) . d Determined by loss in weight on ignition (550 ° C, 12 h). e Measured with a CN analyser (2400 II, PerkinElmer Inc., Wellesley, MA, USA). f According to Olsen & Sommers (1982) . g Measured at a depth of 2 cm from 1 January to 31 December 2004.
N.D., not determined.
1.1 mg of ammonium nitrate for each 1 g of dry soil (0.4 mg N g − 1 dry soil). In the CN + treatment, both glucose and ammonium nitrate were added to the soil (4 mg C + 0.4 mg N g − 1 dry soil). Glucose and ammonium nitrate were added to the soils in enough water to achieve the desired water content (60% WHC). For soil samples from site E, however, glucose, ammonium nitrate and water were added directly to the soil samples and mixed immediately; these soils had low WHC and their initial water content (57% WHC; Table 1 ) was near the desired water content (60% WHC). Soils supplied only with water served as controls. All soil samples were incubated in a room where the air temperature was similar to that of field conditions (9.7 ± 4.7 ° C). The soil respiration rates (taken as CO 2 emission rates) of samples were measured at 10 ± 0.3 ° C using an openflow system with an infrared gas analyser (IRGA; LI-6262; Li-Cor Inc., Lincoln, NE, USA). A detailed description of this system appeared in Bekku et al. (1997) . The plastic case with the sample was placed in a cylindrical chamber (9.2 cm in diameter and 3 cm in height) that was connected to the system. Ambient air containing 370-385 ppm CO 2 was pumped into the system at a suitable flow rate (either 100 or 300 ml min − 1 ), depending on the quantity of CO 2 released from the sample. During the measurement the chamber was placed in a water bath to control the temperature.
Changes in PLFA contents after the addition of carbon and nitrogen
The soil PLFA contents before and after the addition of either a carbon source (glucose) or a nitrogen source (ammonium nitrate), or both, were also determined to elucidate whether the availability of carbon and nitrogen affects the microbial biomass and community structure. The experimental design was almost identical to that for the respiration measurement (described above); PLFA analyses were made on the samples on days 2, 10 and 15 after the addition of carbon and/or nitrogen sources.
Soil samples were freeze-dried, brought to Japan, and stored at − 80 ° C until analysis. Lipids were extracted using the method of Bligh & Dyer (1959) , as modified by White et al. (1979) and Frostegård et al. (1991) . Briefly, 1-2 g (dry weight) of soil was extracted using a chloroform methanol citrate buffer mixture (1 : 2 : 0.8). The lipids were separated into neutral lipids, glycolipids and phospholipids on a silicic acid column (Sep-Pak TM plus silica; Waters Corp., Milford, MA, USA) (Arao et al. 2001) . The phospholipids were esterified with HCl-methanol Reagent (Tokyo Kasei Kogyo Co. Ltd., Tokyo, Japan) (Stoffel et al. 1959 ). The resultant fatty-acid methyl esters were separated using a gas chromatograph/mass spectrometer (GC-17A/GCMS-QP5000; Shimadzu Corp., Kyoto, Japan) equipped with a capillary column (PhenylMethyl/Silicone (30 m DB-5 ms); J&W Scientific Inc., Folsom, CA, USA). Helium was used as the carrier gas. Peak areas were quantified by adding methyl nonadecanoate fatty acid (19 : 0) as an internal standard. The fatty acid nomenclature used was as described by Frostegård et al. (1993) . The total content of PLFAs (TotPLFAs) was used to indicate the total microbial biomass (Frostegård et al. 1993) . We use the PLFA composition as an index of microbial community structure because phospholipids are good indicators of the composition of living soil microbes (White et al. 1979) . The PLFAs are classifiable into several categories according to their molecular structure (see Peacock et al. 2001; Yoshitake et al. 2006) . In this study, PLFAs were classified into four categories (straight chain saturated fatty acids, branched chain fatty acids including cyclopropane fatty acids, unsaturated fatty acids and 18:2 ω 6); their proportions (mol%) were summed. The content of 18:2 ω 6 is known to be an indicator of fungal biomass (Federle et al. 1986) . Previous studies have shown that this classification is useful for analyses of the shift in the microbial community structure (Yoshitake et al. 2006 ).
Statistical analysis
We used a repeated measures two-way ANOVA with carbon and nitrogen as factors, and with time as the repeated factor, to test the effects of the addition of carbon and/or nitrogen on microbial respiration rates and PLFA contents. We used the Tukey-Kramer test for multiple comparisons for each day. Significance was inferred in cases where P < 0.05.
Results
Changes in microbial respiration after the addition of carbon and nitrogen
For all soil samples, the respiration rate of soils with no changes (control) did not change significantly throughout the incubation period (one-way ANOVA; P > 0.05; Fig. 2 ). The respiration rate on day 0 in the early stage of succession (site E) was 1.0 µ g CO 2 -C g
, which was almost one half of the respiration rate measured in mineral soil of the late stage of succession (site L, 1.8 µ g CO 2 -C g
). Organic soil from site L had a remarkably high respiration rate (16.7 µ g CO 2 -C g
). In site E, neither the addition of carbon (C + ) nor the addition of nitrogen (N + ) increased the microbial respiration rate significantly (Tukey-Kramer test, P > 0.05; Fig. 2a ). In contrast, the respiration rates of soils with the Carbon and nitrogen limitation of soil microbial respiration S. Yoshitake et al.
addition of both carbon and nitrogen (CN + ) increased significantly (Tukey-Kramer test, P < 0.05) after day 5; its highest rate was 3.1 µg CO 2 -C g −1 h −1 . In the mineral soil of site L, the respiration rate of soils with glucose (C+ and CN+) increased continuously (Fig. 2b) . The highest respiration rate of soil with glucose added (14.4 µg CO 2 -C g
) was almost seven times that of the control (Tukey-Kramer test, P < 0.05; Fig. 2b ). The addition of both carbon and nitrogen (CN+) caused a great increase in the respiration rate, with a maximum rate of 21.7 µg CO 2 -C g −1 h −1 on day 15, which was almost 10 times that of the control respiration rate (TukeyKramer test, P < 0.05). A significant interaction was apparent for the addition of carbon and the addition of nitrogen (repeated measures two-way ANOVA, P < 0.05). The response of microbial respiration to the added materials was much faster in the organic soil of site L (Fig. 2c) . On day 2, the respiration rate of soils with glucose added (C+ and CN+) had already reached 62.0-63.8 µg CO 2 -C g
, which was almost three times that of the control (Tukey-Kramer test, P < 0.05). However, in both the C+ and CN+ treatments, the respiration rate decreased gradually and no significant differences among treatments were detected on day 15 (Tukey-Kramer test, P > 0.05). The addition of nitrogen (N+) did not raise the respiration rate and no significant interaction was observed for the addition of carbon and nitrogen (repeated measures two-way ANOVA, P > 0.05).
Changes in PLFA contents after the addition of carbon and nitrogen
For all soil samples, the TotPLFAs content and the PLFA composition in the control treatment did not change significantly throughout the incubation period (one-way ANOVA, P > 0.05; Fig. 3 ). The TotPLFAs content for site E on day 2 was 31 nmol g −1 , which was lower than the TotPLFAs in the mineral and organic soils from site L (211 and 1013 nmol g −1 , respectively). However, if TotPLFA contents are compared on a unit per gram of soil organic matter (SOM) basis instead of per gram of soil, the TotPLFAs from site E, from mineral soil from site L and from organic soil from site L would be 2.2, 1.6 and 2.9 nmol mg −1 SOM, respectively, and no significant difference would be inferred (one-way ANOVA, P > 0.05).
The respective PLFA compositions of control treatments were also different among study sites: the proportion of branched chain fatty acids at site E was lower than the proportion found in the mineral and organic soils of site L; the organic soil from site L had a higher proportion of unsaturated fatty acids than the levels found in the other two soils.
In site E, throughout the incubation period, no significant differences were detected in the TotPLFA contents among treatments (Tukey-Kramer test, P > 0.05; Fig. 3a) . In mineral soil from site L, the TotPLFA content of soils with added carbon (C+ and CN+) were slightly higher than the TotPLFA content of the control (Fig. 3b) . However, no significant differences were detected in the TotPLFA content between the treatments (Tukey-Kramer test, P > 0.05). In addition, in organic soil from site L the addition of carbon and/or nitrogen did not alter the Tot-PLFA content significantly (Tukey-Kramer test, P > 0.05; Fig. 3c) .
In most cases, the addition of carbon and/or nitrogen had little effect on PLFA composition. At site E, however, the proportion of unsaturated fatty acids in soils with both carbon and nitrogen added (CN+) was slightly higher than that in the control on day 15 (Tukey-Kramer test, P < 0.05). Furthermore, in mineral and organic soils from site L, similar differences were observed on day 10 (Tukey-Kramer test, P < 0.05). In addition, in organic soil from site L, the proportion of branched chain fatty acids in the C+ and CN+ treatments was significantly lower than that of the control on day 10 (Tukey-Kramer test, P < 0.05).
Discussion
The microbial respiration rates of the mineral soil in the early stage of primary succession (site E) in a glacier foreland in Ny-Ålesund were lower than the respiration rates in the late stage of succession (site L). The respiration rate of untreated soil from site E (1.0 µg CO 2 -C g −1 h −1 ) was similar to values reported previously from that site , from other glacier foreland areas (Schipper et al. 2001) and from a cold Antarctic desert (Ino et al. 1980) .
The respiration responses to the addition of carbon and nitrogen were different between the early and late stages of succession, and between organic and mineral soils. In the early stage of primary succession in a High Arctic glacier foreland (site E), single additions of carbon (C+) and nitrogen (N+) had little effect on the microbial respiration rate (Fig. 2a) . In contrast, the respiration rate of soils with both carbon and nitrogen (CN+) added increased for about 15 days. These results suggest that heterotrophic microbial activity (soil respiration rate) in the early stage of primary succession in a High Arctic glacier foreland is limited by twin deficiencies of carbon and nitrogen. Previous studies reported that carbon was the primary limiting factor of microbial activity and/or growth, and that nutrients such as nitrogen and phosphorus were co-limiting factors in many ecosystems ranging from Arctic tundra to tropical forests (Michelsen et al. 1999; Schmidt et al. 2000; Ekblad & Nordgren 2002; Sørensen et al. 2006; Tekley et al. 2006) . In this study, however, no significant difference in the microbial respiration was detected between the C+ and control samples, although the mean value of respiration rate in the C+ treatment was slightly higher than that in the control (Fig. 2a) . Therefore, it was difficult to determine whether carbon was the primary limiting factor of microbial activity in the early stage of primary succession.
In the mineral soil of site L, the addition of carbon (C+) alone as well as the addition of both carbon and nitrogen (CN+) increased the microbial respiration rate significantly (Fig. 2b) . That is, the addition of glucose stimulated the respiration rate of the mineral soil from site L despite the fact that the soil possessed substantial concentrations of total carbon (Table 1 ). This fact suggests that the respiration rate was limited primarily by a deficiency of a labile carbon substrate. A considerable fraction of heterotrophic respiration is thought to arise from the decomposition of an active but small labile carbon pool (Townsend et al. 1997; Biasi et al. 2005) . Smith (2005) also reported this type of limitation of the soil microbial respiration rate in a sub-Antarctic ecosystem. Interaction between carbon and nitrogen was observed in this study, indicating that nitrogen availability in the mineral soil from site L was also insufficient to utilize the added labile carbon source.
In contrast, for the organic soil of site L, neither the addition of nitrogen alone (N+) nor the addition of nitrogen and carbon in combination (CN+, for an interactive effect) showed any effect on the microbial respiration rate (Fig. 2c) , suggesting that the rate was not limited by nitrogen availability. In contrast, the addition of carbon (C+ and CN+) also triggered a significant increase in the microbial respiration rate in the organic soil from site L, indicating that the microbial respiration rate in the organic soil of site L was also limited by labile soil carbon. However, the response pattern observed in organic soil differed somewhat from that in mineral soil; the rates of increase in carbon addition were much higher in the organic soil and a gradual decrease in the respiration rate was observed at 5-15 days after treatment. This decrease was attributable to the consumption of an additional substrate by soil microbes. In the organic soil from site L, the quantities of excess carbon emitted as CO 2 from C+ and CN+ soils from 2 to 15 days after treatment, as calculated by subtracting the quantity of CO 2 -C in the control from the CO 2 -C in the C+ and CN+ treatments, were 7.6 and 6.0 mg g −1 (191% and 150% of the carbon added), respectively (calculated from data shown in Fig. 2c ). We conclude, therefore, that a large proportion of the carbon from glucose was consumed by 15 days after the treatment. In addition, these results might indicate that the treatment of a labile carbon substrate promoted the utilization of a native carbon substrate. In contrast to the respiration rate, the microbial biomass was not affected significantly by the addition of either carbon or nitrogen, or by the addition of both (Fig. 3) . The increase in respiration rates without the increase in microbial biomass indicates changes in the physiological activities of microbial communities such as enzymatic activity. Both in short-term and the long-term experiments, the addition of organic matter often engenders increased enzyme activities (Kandeler et al. 1999; Crecchio et al. 2001; Marschner et al. 2003) . In addition, Joergensen & Scheu (1999) suggested that the ratio between the active and the dormant parts of the microbial biomass was changed either by the activation of dormant microorganisms or by a change in their metabolic activity after treatment. In this study a small shift in the microbial community structure was observed, which might also affect the respiration rate without increasing microbial biomass.
The insensitivity of microbial growth to the addition of carbon and/or nitrogen observed in this study was different from the result reported for a solfatara field surrounding a fumarole (volcanic vent) (Yoshitake et al. 2007 ). In the solfatara field, the addition of similar quantities of carbon and/or nitrogen as those used in this study triggered a remarkable two-three-fold increase in the microbial biomass during a 15-day incubation at 25°C (Yoshitake et al. 2007 ). However, this insensitivity of microbial growth to the addition of carbon and/or nitrogen does not necessarily contradict the importance of SOM for the microbial biomass in the High Arctic. In this study, the values of TotPLFAs/SOM were similar, irrespective of the successional stage, suggesting that SOM is an important factor for determining the soil microbial biomass. Therefore, the accumulation of SOM through successional progress would engender an increase in the microbial biomass.
In conclusion, although the microbial respiration rate in the High Arctic glacier foreland that we studied was limited by carbon and nitrogen availability, the extent of that limitation differed among successional stages and between organic and mineral soils. Especially in the early stage of primary succession, low availabilities of both carbon and nitrogen were important limiting factors of the microbial respiration rate.
